Consistent individual variation in animal behaviour is nearly ubiquitous and has important ecological and evolutionary implications. Additionally, suites of behavioural traits are often correlated, forming behavioural syndromes in both humans and other species. Such syndromes are often described by testing for variation in traits across commonly described dimensions (e.g. aggression and neophobia), independent of whether this variation is ecologically relevant to the focal species. Here, we use a variety of ecologically relevant behavioural traits to test for a colony-level behavioural syndrome in rock ants (Temnothorax rugatulus). Specifically, we combine field and laboratory assays to measure foraging effort, how colonies respond to different types of resources, activity level, response to threat and aggression level. We find evidence for a colony level syndrome that suggests colonies consistently differ in coping stylesome are more risk-prone, whereas others are more risk-averse. Additionally, by collecting data across the North American range of this species, we show that environmental variation may affect how different populations maintain consistent variation in colony behaviour.
Introduction
In 1932, the psychologist McDougall wrote 'Personality may to advantage be broadly analysed into five distinguishable but separate factors, namely intellect, character, temperament, disposition, and temper' [1, p. 15] , implying that people consistently vary along five independent dimensions in their behaviour. Such reproducible variation across individuals in behaviour, called 'personality', is taken for granted in humans. But inter-individual behavioural variation is also well documented across many non-human animal taxa (e.g. gastropods [2] , insects [3, 4] , fish [5] , birds [6, 7] and mammals [8, 9] ). While any stable variation across individuals within a species is considered evidence for 'personality' in animals, the number of studies that have tested for independent dimensions of personality has only recently begun to grow [10] [11] [12] .
In the past decade, researchers have begun to focus both on understanding how behavioural traits are correlated in animals and what is driving variation [10, 13] . If behavioural or personality traits are related, they are considered part of a behavioural syndrome. Behavioural syndromes, or correlated suites of behavioural traits within a population, have recently been described in many taxa including fish, birds, laboratory rodents, non-human primates and arthropods [14 -18] . Behavioural syndromes are a property of the population [17] [18] [19] . For example, one individual may be more aggressive than another individual both when defending a food resource and also when guarding a mate. Such an aggressive phenotype would be referred to as the individual's 'behavioural type', and if individuals in a population differ consistently in behavioural type, they are considered to have 'personalities'. Thus far, a relatively small range of behavioural traits has been examined across contexts: particularly boldness, aggressiveness and activity level [20] ; we refer to these as 'classic' behavioural syndromes [19] . Considerably, less work has related these traits to the wide variety of other, sometimes species-specific, behaviours that animals may exhibit. This may be due both to a bias towards syndromes that appear relatively ubiquitous, as well as practical consideration for behavioural traits that are most easily observed or quantified. It is also less common for studies to examine how traits in these behavioural syndromes are related to one another, meaning if or how traits usually included in one classic behavioural syndrome are related to the traits in another (despite notable exceptions, e.g. Bourne and Sammons [21] found a correlation between boldness, exploration and aggression in male molly fish: Poecilia parae). This is very relevant, because the selection pressures that led to the evolution of a syndrome and variation in behavioural type are near impossible to understand if it is not known which behaviours are included in the syndrome or how many independent dimensions exist.
We suggest more emphasis should be placed on determining which larger behavioural domains interact. Determining such interactions allows for a better understanding of what drives personality. As Bell describes, behavioural correlations may be the result of internal constraints or of adaptation by natural selection [11] . Internal constraints may be particularly important when there is genetic heritability of behaviour. Even among closely related species, there is the possibility for significant variation in heritability of traits [22] [23] [24] . In such species that show a heritable component to personality, the genetic architecture of personality's independent dimensions needs to be taken into account when looking at how selection will affect the evolution of behavioural variation [25] . For example, behavioural traits on the same dimension may be constrained due to pleiotropy, and thus remain linked even in the absence of selection for a syndrome. On the other hand, correlations between behavioural traits may emerge as a result of phenotypic plasticity, for example if organisms develop under particular environmental conditions. Differences in genotype, heritability of traits and natural selection can, therefore, create either similarity or dissimilarity between populations. While personality and behavioural syndrome studies may define these dimensions, we still do not have a strong understanding of the mechanisms underlying behavioural correlations. However, before an investigation of mechanism can take place, we must first look at the overall architecture of which behaviours are correlated and how these correlations compare across populations.
Individual variation in social insects has also begun to be considered in a behavioural syndrome framework. Much of this research has focused on behavioural differences among individual workers, such as those associated with behavioural specialization (e.g. nurses versus foragers) and their physiological correlates. For example, some honeybees preferentially forage for pollen over nectar, and these preferences are associated with different sensory biases, locomotive activity and gene regulation [15, [26] [27] [28] [29] . Other species show different patterns of individual differences within colonies. In Temnothorax ants, individuals show different levels of activity, with some workers consistently less active than others [30] . Inter-individual differences within colonies may have ecologically relevant consequences; for example, the number of individuals with an aggressive behavioural type determines how well the group can defend its nest from social parasites [31, 32] and affects the colony lifespan [33, 34] .
Colonies can also exhibit behavioural variation. For example, colonies have been shown to vary in their levels of aggression [35] [36] [37] , hygienic behaviour [38, 39] and foraging behaviour [40] [41] [42] [43] . Colony behaviours may also be correlated across situations [19, 44] . For example, in honeybees, colony responses to food and to disturbance may correlate and vary within populations [44, 45] . Because the reproductive unit of social insects is the colony, colony-level variation may evolve in a manner similar to individual-level variation in solitary species and is likely to have ecological consequences. In social insects, differences between colonies have been seen in behaviours such as aggression, exploration, sociability and activity between dispersers and residents, though less is known about the timescale of consistency of these behaviours (reviewed in [46] ).
Here, we examine the overall architecture of inter-colony behavioural variation in a social insect, how this variation is structured across different behavioural dimensions and across populations. We use a wide variety of behavioural assays, with a focus on ecologically relevant behaviours. Specifically, we use ants of the species Temnothorax rugatulus and measure foraging distance, foraging effort to familiar and novel resources, activity level and response to threat. We specifically test the following hypotheses: (i) colony behavioural responses are consistent over time; (ii) these behaviours are part of a colony-level behavioural syndrome, i.e. responses in different assays correlate with one another. Lastly, we test (iii) whether there is more than one orthogonal dimension, i.e. syndrome, of colony behaviour. This would imply that a colony's behavioural type with respect to one syndrome is independent of its behavioural type with respect to a second syndrome. Ultimately, we hope to determine whether there are truly independent dimensions of behaviour which will give us clues as to the function and mechanisms of this overall behavioural variation.
Material and methods (a) Model system
To address these questions, we used the myrmicine ant T. rugatulus. This species ranges from northern Mexico through the inter-mountain range of the western United States and north to southwest Canada. Colonies prefer cool temperatures and are often found in pine and juniper forests. Colonies range in size from usually 50 to 400 ants, with some very large colonies reaching 1300 ants [40] . Species in this genus can be seasonally polydomous (having multiple nests for a single colony), often living in small pre-formed crevices in rocks [47] . The small size of the colony and the locations of their nests allow for easy collection of the entire colony, including queen and brood, without need for excavation. This is important for live collection with minimal loss of workers and brood. Their tolerance for laboratory conditions allows for controlled empirical studies. This species has been successfully used in behavioural studies in many contexts, meaning well-established methods for empirical studies exist (e.g. emigrations [48] , group decision-making [49] and starvation resistance [50] ). In this study, all ants were collected from seven field sites ranging from northern Washington, USA, to southeastern Arizona, USA, during July 2012 (figure 1).
(b) Foraging distance and colony collection
Foraging is one of the most dangerous tasks for a colony to perform. Leaving the nest, foragers are exposed to predators, aggressive conspecifics and potential pathogens. Thus, travelling farther may increase exposure to these risks, and variation in foraging distance may suggest variation in tolerance for these threats. The foraging distance of each colony was established in the field as in Bengston & Dornhaus [40] . A 10 Â 10 m grid, separated into one hundred 1 m 2 plots, was established in the field with a dish of commercially canned cat food placed in the middle of each 1 m 2 plot as bait. When a T. rugatulus forager was seen at any of the baits, the rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140518 other dishes were removed. That forager was marked with florescent pink powder and followed until it returned to its colony, thus enabling discovery of the nest without disturbing it. The marked forager was collected live with an aspirator before reentering the nest. The nest was then monitored and the subsequent 20 foragers who emerged from it were similarly marked with powder and followed (20 foragers in total measured for each colony). After the return of the 20th forager, the nest was opened and all workers, brood and queens were collected live.
After collection, the ants were maintained in the laboratory as described by Dornhaus et al. [51] . Each colony was established inside a standard artificial nest which was constructed of a cardboard nest chamber between two glass slides (nest chamber size: 2.75Â 2 cm). These nests were kept inside a fluon-coated container (10 Â 10 cm). Laboratory temperatures averaged 218C, but varied between 20 and 238C. Humidity was not controlled and averaged 40%. Laboratory lighting was on a 12 L : 12 D cycle. Colonies were maintained on a diet of freeze-killed and chopped cockroaches, freeze-killed fruit flies, freeze-killed spring tails, a 10% sucrose solution ad libitum and free access to water.
After colonies were established in the laboratory, each was identified to species. Colonies were also photographed and the number of adult workers, queens and brood items were counted. Colonies that were not T. rugatulus, or did not include brood or a queen in the census, were removed from the study.
(c) Familiar and novel resources
Temnothorax rugatulus ants are thought to primarily forage for small soil arthropods. However, foragers have been seen to exploit other resources such as a larger arthropod corpse or human food waste (SE Bengston 2012, personal observation). Both populations of soil arthropods and these larger food resources are probably very ephemeral and will be exploited by both conspecifics and other species. Therefore, the number of individuals exploiting both familiar and unfamiliar resources (foraging effort) may impact overall colony resource intake and thus reproduction.
Colonies were fed on a weekly basis in a small dish in their container. Over two weeks, 90 min after the standard diet ('familiar' food) was placed in the dish, the number of foragers in the dish who were processing food was recorded. To measure how colonies responded to a novel resource, over a different two-week interval, a novel food item was given instead of the standard diet during the normal feeding time. Again, the number of foragers in the dish was recorded 90 min after the food was introduced. After the forager number was measured, the novel food item was removed and the standard diet was returned. The novel food on week one was canned tuna fish. Week two was commercially canned applesauce.
(d) Activity level
Variation in activity plays an important ecological role in many species. For example, it can be the result of different metabolic investment, energy optimization strategies or response to stimuli [52] . The activity level of the colony, defined as the amount of movement in the colony in the absence of any manipulation, was measured in each colony. To do this, each colony was filmed at a random time between 12.00 and 16.00 for 5 min in standard laboratory conditions. Each video was then analysed using an algorithm which computes the motion of ants between two frames of video using optical flow. Optical flow is computed based on assumptions that objects remain the same colour between frames and move relatively small distances between frames. Motion between two frames is represented as a velocity at each pixel location, the optical flow field. The Horn -Schunck method, which adds a smoothness constraint to the preceding assumptions, further assumes that adjacent pixels usually move together. The optical flow measurements were provided by Hoan Nguyen and Min C. Shin (University of Carolina, Charlotte, NC, USA). Optical flow field was computed for every frame (by comparing to its subsequent frame) and the following measures were calculated: (i) magnitude, i.e. the average magnitude of optical flow for every individual pixels; (ii) percentage of moving pixels, the percentage of pixels that moved at least 2 pixels; (iii) magnitude of movement, the average magnitude of the pixels that moved. All videos were filmed at the same resolution and magnification. We used percentage of moving pixels as a measure of colony activity level, as it best captures the amount of movement within the colony between any two given frames. We assume that all movement is due to ants (e) Response to threat
In the laboratory, T. rugatulus colonies can and do displace colonies when competing for nest space [53] . Therefore, noting and responding to an intruder can both impact if and how they defend their brood items and the nest. To measure the colony-level response to a threat, we used a live conspecific 'intruder' from a colony collected at a population not represented in the tests. The intruder was marked with fluorescent powder to increase visibility (to the observer) and, using forceps, was placed approx. 1 cm into the nest without otherwise disturbing the colony. The colony was filmed for 5 min, and the video was analysed using the same algorithm as in the activity level test. This assay was done immediately after the previous (baseline) activity level measure was recorded and the response to threat was reported as the absolute change between the undisturbed activity level and the activity level after the introduction of the intruder.
(f ) Aggression score
A change in activity level in response to threat can be informative about the magnitude but not the directionality of the change in behaviour, meaning an increase in activity may be indicative of either an aggressive (fighting) or a defensive (fleeing) response. This is an important distinction, as during the assay it was noted that fleeing colonies sometimes evacuated all brood and queens from the nest. In the field, these colonies may be easier to evict from nest sites by conspecific colonies. To consider this distinction, the videos of the intruder response were also analysed for the types of behaviours contributing to the change in activity levels. The video was divided into four quadrants to minimize bias towards behaviours more or less proximal to the intruder and five individuals from each quadrant were observed for 5 s every 30 s. These 20 individuals were chosen randomly at each 30 s interval. The behaviours were scored by category, with higher scores indicating more aggressive behaviours (electronic supplementary material, table S1). Individuals who remained inactive or appeared to be wandering without performing a definable task received a 0 score. All of the assays, except for the measurement of foraging distance, were repeated 14 days after the first trial to measure consistency of these behaviours through time. Foraging distance in the field could not be repeated due to the necessary collection of the colonies at the end of the assay and no reliable way to re-release and track colonies in the field.
Results (a) Inter-colony variation
All behaviours (except for foraging distance, which could only be measured once in the field) showed a strong correlation between the first and second trials (figure 2). This suggests that colony behaviour is consistent across at least two weeks. Consistency of traits implies that a colony's behaviour at one time point more closely resembles its own behaviour earlier than that of other colonies, meaning that there is variation in behaviour between the colonies, demonstrating colony 'personality'. Although the foraging distance assay could not be repeated, there was consistency between foragers within colony, meaning there was a significant difference between colonies (Kruskal-Wallis p , 0.0001). The foraging distances of colonies are summarized in figure 3.
(b) Behavioural syndrome
Using Pearson's product-moment correlation test, we found positive pairwise correlations between 'response to threat' and 'foraging at a familiar resource', 'response to threat' and 'foraging at a novel resource' and foraging at both familiar and novel resources. We found negative correlations between foraging distance and 'foraging at a novel resource', foraging distance and 'foraging at a familiar resource', foraging distance and 'response to threat' and finally between 'response to threat' and 'aggression' (all p , 0.05, figure 4) . Activity level did not show a significant correlation with any other behaviour. All p-values for pairwise correlations were corrected using the False Discovery Rate method [44] .
These relationships between traits seen in the pairwise correlations were confirmed by a principal component analysis (PCA). Data were transformed (so that it was on the same scale and no one variable was overly contributing) by dividing each score for every assay by the overall mean value for that assay. The first two principal components were used to define the two behavioural dimensions, as per the Kaiser-Guttman stopping rule where only components with an eigenvalue greater than the mean are accepted [54, 55] . The first behavioural dimension (PC1) was primarily explained by 'activity', whereas the second dimension (PC2) was explained by a suite of correlated traits (behavioural syndrome; figure 5a). Because 'activity' was not correlated to the behavioural syndrome, we performed an additional PCA with the activity assay removed. In this analysis, PC1 was the only significant dimension (Kaiser-Guttman stopping rule). The percentage of variation explained by the components of each PCA is summarized in figure 5b . These results suggest that there are two independent behavioural dimensions: a behavioural syndrome consisting of several correlated behavioural traits, and a second driven by 'activity'.
To perform further analysis, we needed a quantitative way to describe the behavioural type (the expression of the behavioural syndrome) of each colony. To do this, we used PC1 from the PCA that excluded activity as a phenotype score for the foraging and defensive syndrome as it included all of the multivariate components of the behaviours within the syndrome. PC1 is calculated for individual colonies using the loadings of each trait as weights on the traits. A high score indicated that a colony showed an increased foraging effort and response to threat and a decreased level of aggression and shorter foraging distances. A low score indicated lower foraging effort, but with longer foraging distances and higher levels of aggression (figure 6).
(c) Explaining inter-colony variation
To determine what may be driving inter-colony variation, two separate generalized linear models (GLMs) were used to look at how activity and phenotype score are affected by latitude. Latitude may reflect environmental characteristics on a larger scale, such as overall weather patterns or day length, or it may reflect microclimatic variation between sites, such as soil moisture or forest type. Latitudes differed significantly in the phenotype scores of colonies found at them (Kruskal-Wallis p ¼ 0.009, d.f. ¼ 4; figure 7 ). Latitude had a significant negative effect on colony phenotype score (GLM Gaussian; rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140518
, meaning colonies with a low score (lower foraging effort, longer foraging distances and higher levels of aggression) were found at more northern latitudes. Additional colony attributes including number of queens, colony size and number of brood showed no significant effect on phenotype score (all p . 0.05, d.f. ¼ 14).
Activity was not affected by latitude (GLM Gaussian; latitude: p ¼ 0.2087, d.f. ¼ 14). Neither was activity affected by the number of queens in a colony, colony size or number of brood (all p . 0.05, d.f. ¼ 14); however, as the brood to worker ratio increased, there was a marginally significant positive effect on activity (number of brood : number of workers p ¼ 0.048).
Discussion
In this study, we have shown that colonies of the ant T. rugatulus show consistent behavioural types, i.e. 'personalities': colonies differ repeatably in their behaviour. We also show a colonylevel behavioural syndrome: colonies with high foraging effort at resources (both known and novel) also show increased activity in response to threat, lower levels of aggressive behaviour and shorter foraging distances in the field. The behavioural type of colonies with regard to this syndrome correlates with the latitude of the site where they were collected. Colonies also differ in another dimension, activity level, and this trait is independent of the syndrome, and also independent of latitude. This means that there are at least two independent behavioural dimensions in the species studied here. In general, colony-level behavioural differences and correlations of behaviours have been described in a variety of social insects [19, 30] . Our study measures behaviours that are known to be relevant to the ecology of this species [40] and includes more traits, and thus more potential behavioural dimensions, than are included in many behavioural syndrome studies. However, the behavioural syndrome demonstrated here includes behaviours often considered Figure 2 . A summary of the two trials of each behavioural assay, trial 1 on the X-axis and trial 2 on the Y-axis. Activity (average % of pixels moved/0.3 s/worker), response to threat (change in average activity after intruder introduction), foragers at novel and familiar resources (no. of workers) and aggressive response (average aggression score). The correlation coefficient and R 2 value are reported for the correlation between trial one and trial two, performed 21 days apart. A correlation between the two trials shows repeatability and thus inter-colony variation in behaviour.
rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140518 part of a bold/shy syndrome, an exploratory syndrome and an aggressive syndrome, suggesting that in this ant species these are not independent dimensions, as often described in other species [56, 57] , but instead are interrelated. Activity, on the other hand, is not related to this behavioural syndrome. This deviates from some other studies, which find a relationship between it and other classic behavioural syndrome traits such as aggression (e.g. crickets (Gryllus integer) [58] and crayfish (Pacifastacus leniusculus) [59] ).
The behavioural syndrome found here suggests that colonies might show different levels of risk-tolerance: some colonies deploy more foragers to exploit closer resources and increase their defensive activity in the response to threat, but avoid travelling farther distances or aggressively engaging conspecific invaders. This might be considered a risk-averse behavioural type. Other colonies travel farther and respond more aggressively when confronted with a conspecific, but appear to invest less (in terms of number of ants reacting) in each given incident or food source. This might be considered a more risk-prone behavioural type, i.e. colonies may tolerate more danger in favour of potentially reaping higher rewards. Risk-averse or risk-prone behaviours are often linked to different life-history strategies [16, 60] . For example, in the continuum of r-versus K-type life-history strategies, r-individuals are more risk-prone, whereas K-individuals are more riskaverse. This is probably due to environmental stability; r-type individuals may be best suited to unpredictable conditions in which they need to be bolder in order to exploit a new resource and allocate more energy towards reproduction early, for example. Conversely, K-type individuals are expected to be found in more stable conditions, where less risk-taking is advantageous and long-term self-maintenance is beneficial [61] [62] [63] . Thus, the behavioural type of an individual should always be matched to the life-history strategy of the individual, while variation in life-history strategy may be dependent upon external, environmental conditions such as mortality risk, competition and environmental predictability. When activity was included in the analysis, the first two components explained the majority of the variation. This is consistent with the two behavioural axes found; the behavioural syndrome and activity. When activity was removed from the analysis in a second PCA, the first component, which reflects the behavioural syndrome we focus on, explained over half of the variation.
rspb.royalsocietypublishing.org Proc. R. Soc. B 281: 20140518 based on data from the past 5 years from the National Weather Service). Therefore, colonies at higher latitudes may take greater risks to acquire the necessary resources fast enough to produce reproductive alate queens and males. However, further research is necessary to determine what mechanisms, either adaptively or as a constraint, are shaping behavioural-type variation across a latitudinal gradient.
In research on intra-species behavioural variation ('personalities') and clusters of correlated behavioural traits ('behavioural syndromes'), often neither the evolutionary forces maintaining the variation nor those maintaining the correlation are known [16, 57] . In our study, including several different behavioural measures relevant to the ecology of our study species helped discover a broad behavioural syndrome that was not restricted to the 'classic' traits [19] . The correlated traits all seem linked to risk-taking behaviour and thus may have consequences for colony life history, though more research is needed, such as information on growth rates, and reproductive investment. Intra-species variability in life-history strategies, and the ecological and evolutionary forces maintaining both diversity of such strategies as well as their consistency across contexts, are well studied [63] [64] [65] . Therefore, if behavioural syndromes are often linked to such life-history strategies, and perhaps emerge as a result of variation in life-history strategy, that would answer many of the outstanding questions about them [16, 60] . In our study system, it seems indeed likely that the differing colony behavioural types reflect high-risk, fast growth versus low-risk, slow growth life-history strategies.
Besides testing multiple ecologically relevant behaviours, a second goal of our study was to broadly measure which behaviours were linked and which were independent. We found that general activity level (movement inside the nest) differed strongly and consistently between colonies, but was not correlated with any other behaviours or the overall colony behavioural type in the risk-tolerance syndrome. Activity level may of course be linked to other behavioural or physiological traits not measured in this study, such as metabolic rate. It is important to note that 'activity level' has been used to describe several different behavioural measures, such as the distance travelled to forage, the number of foragers outside at a given time or, as in this study, the in-nest movement of ants. However, we show here that neither foraging distance nor number of active foragers can be used to predict the level of in-nest activity; these should therefore be considered unrelated traits. Foraging distance is probably a better reflection of overall foraging effort, recruiting effort, diet preference, resource distribution or search patterns; in-nest movement may reflect physiological state, task specialization or other traits. It is thus important to consider how traits may play different roles in a species' ecology, as opposed to only focusing on a generalized terminology. Considering the ecology of a species can guide us towards otherwise missed components.
To conclude, we have sampled enough behaviours to show that T. rugatulus colonies have at least two independent behavioural dimensions, one of which makes up a behavioural syndrome and the other being dominated by activity level. The behavioural syndrome that colonies show may reflect differences among colonies in risk-tolerance, and thus in life-history strategy. This syndrome is likely to be driven by different environmental conditions, possibly the length of the reproductive season, though further research is necessary. The existence of a behavioural syndrome at the colony level in ants opens up a new line of investigation for those interested in the evolution of linked behavioural traits: it represents an independent origin of such processes at a different level of biological organization. If ant colonies evolve 'personalities' and behavioural syndromes in connection with their life-history evolution just as solitary animals do, this would be strong evidence for the universality of this process.
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